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axisymmetric, closed toroidal
ic-confinement
no magnet coils, conducting walls, nor
vacuum walls
plasma torus, !

a

neering complexity
reactors., The
into three major types; particle rings

COMPACT TOROID EXPFRIMENTS: SPHEROMAKS AND FIELD REVERSED CONFIGURATIONS
WARREN E. QUINN AND COMPACT TOROID STAFF
Los Alamos National Laboratorv, Los Alamos, New Mexico, 87545, U.S.A.*

Compact toroids (CT) containing both poloidal and toroidal magnetic field,
spheromaks, are generated in the CTX experiment using a magnetized coaxial
plasma gun, and are trapped and stably confined in an oblate flux con-
server., Total configuration 1lifetimes are observed up to ~ 0.8 me, con-
sistent with classical resistive decay. The field reversed configuration
(FRC) 1is a high beta, axisymmetric, highly prolate compact toroid,
containing only poloidal magnetic field, formed in a field-reversed theta
pinch. A quiescent confinemert period of 30 to 90 us with 'I‘1 ~ 200-500 eV
and n ~ 5x10!% cn™3 {5 terminated by an n=2 rotatfonal dinstability. The
FRC is stable to MHD modes including the tilting instability.

INTRODUCTION
A compact

trix is formed that divides these open
field 1ines from the closed flelds
supported by plasma currents in the
toroid. The toroidal confinement
properties of CT configurations are
complementary to other axisymmetric
devices, In contrast to the modest
shear and mininmnum A of the tokamak,
the spheromak, like the reversed field
pinch (RFP), has stronger shear and no
minimum B. We report on spheromaks

toroid (CT) 1is an
magnet-
configuration that has

linking the hole in the
This feature pro\ides
geometry that reduces engi-
in proposed CT
CTs ran be classified

simple

(Astron-like), spheromaks, and field and FRCs studied at the Los Alamos Na-
reversed vonfigurations (FRC). Par- tional Laboratory 4in the CTX sphe-
ticle rings are characterized by large romak facility, and in two fleld re-

ratios of {on
dimensions,
ratios of toroidal to
netic

gyroradius to plasma
and may have arbitrary
poloidal mag-
Both the spheromak and I1.

versed theta-pinch
and FRX-C.

exper{ments FRX-B

fields. COMPACT TOROIDS WITH TOROIDAL

the FRC have small gyroradii compared FIELD: SPHEROMAKS

with plasma dimensions. The sphe-

romak has poloidal and toroidal mag- A. Formation

netic field components of comparable Spheromaks have been generated in

magnitude on the closed flux surfuces.
The flux surfaces of the FRC have
purely poloidal field 1lines. Open

field 1lines exist between the separa-
trix and an external cylindrical
conductor. The CT equilibrium

requires either a conducting wall or
an externally gencrated field, like
the vertical fleld in a tokamak. 1f
an external fileld {s used, a separa-

*Work performed under auspices of
U.S. Department of Energy.

the Los Alamos CTX facility using a
magnetized coaxial plasma gun.,Z The
gun 18 1.2 m in length with inner and
outer electrode radii of 0.10 m and
0.15 w, respectively; and is energlzed
by a 45-kV, 37-uF capacitor bank, The
CTs are generated utilizing in part a
technique ploneered by Alfvén et &1.3
and extended to a higher-tewperature
fully 4{onized plasma regime. A sole-
noidal coil produces an axi#l magnet-

ic field 1inside the inner electrode
that diverges aL the gun muzzle and
becomes radial, Firing the gun
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produces a radial plasma current that
generates a toroldal magnetic field
between the electrodes. The JxB force
accelerates the thighly conductive
plasma out of the gun, stretching the
radial field lines 1in the axial
direction away from the gun. These
elongated field lines reconnect behind
the plasma forming the closed poloidal
field of the CT spheromak, while the
magnetic field generated by the gun
current and embedded in the plasma
becomes the toroidal field. The gun-
generated spheromaks are trapped in
prolate and obla:e cylindrically
symmetric metallic flux conservers.

B. Gross Stability and
Characteristics

In the {nitial experiments,2 the
gun—-generated spheromaks were injected
into a stainless steel, right-circu-
lar, cylindrical flux observer. The
CTs were stopped within the flux con-
server by appropriate adjustment of
the initial poloidal field strength at
the coaxial source. In some cases the
torold estopped with 1ts major axis
parallel to the axis of the plasma gun
and the flux conserver, then rotated
90° go that its axis was orthogonal to
the axis of symmetry. This tilting
mode had been predicted by Rosenbluth
and Bussac." In most cases the stopped
toroid, when first observed, was al-
ready partially tilted. After the
rotation or tilting, the deformed
torold appeared grossly MHD stable
with a lifetime of ~ 100 yus.

Motivated by stability theory,“
which predicts that the tilting mode
should be stabilized by an oblate flux
conserver, compact toroids were
trapped in B0-¢cm diameter {lux con-
servers having oblate reglona.l The
tilting instablility does not occur and
the spheromak configuration is stable
theoughout {ts lifetime, although the
instability s sensitive to the geom-
etry of the entrance cylinder to the
flux consrrver and the gap spacing be-
twe on the gun and the entrance
region.! The plasma and magnetic field

Plasma

properties are measured using magnet-
ic probes, Thomson scattering, inter-
ferometry, bolometry, and quartz UV
spectroscopy. The electron density
and temperature of the separated,
trapped spheromak are typically n_ ~
2-4x10!* cm™3 and T, ~ 10 eV. Probes
measuring all three components of mag-
netic field located along the axis of
symmetry show that magnetic r¢ »nnec-
tion, 1leadirng to separation of the
spheromak from the coaxial source, 1s
completed by 40 us. The peak field on
the axis of symmetry is ~ 6 k5, and
the total energy of the spheromak is
~ 6 kJ. Total lifetimes of the sphe-
romak configuration are observed up to
0.8 ms (~ 4 times the characteristic
decay time) and are consistent with
classical resistive decay.

C. Relaxation toward a Taylor Minimum
Energy State

Radial profiles of the poloidal
and toroidal magnetic fields are found

to be 1in approximate agreement with
those of the Taylor wminimum energy
state r.heory,5 although B8some devia-

tions are observed. These T¢,lor-like
states, similar to those in the Re-
versed Field Pinch® (RFP), have been
calculated and are consistent with the
observed conversion of toroidal flux
into pololdal flux without a global
disruption. RFP experiments show that
stable high B (10-20%) states lle near
the opredictions of Taylor’s B =0
model for BToro]dnl(wall) < 0, and the
configuration regenerates {tself
against diffusive losses.® The RFP
plasmas move {nto the reversed-field
area, dwell there, move out hy fleld
diffusion, and then relax back to the
reversed-field region.

Tn the CTX spheronak, a glmilar
relaxation phenomenon is observed. In
Fig. 1, the meoagured ratio of the to-
roldal field just outside the magnet-
ic axis to the polotdal fleld on the
ma jor axis are plotted as a function
of time. This ratio {s compared with
the calculated ratfo for the Taylor
state (dashed line). There {8 agree-
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ment following the spheromak forma-
tion, but in time the measured ratio
deviates by as much as 50 percent and
then a relaxation process restores the
plasma configuration back to the
Taylor minimum energy state as shown
in Fig. 1. Thus, the equilibrium con-
figuration tends to regenerate itself
against diffusive 1losses, A 2-D
transport code developed by Sgro’
shows magnetic diffusion resulting in
the observed rate of deviation of the
ratio from the Taylor value us 1indi-
cated by the triangles in Fig. 1, but
of course, does not shew the 3-D
relaxation process.

D. Impurity Radiations

Bolometry and UV spectroscopic
measurements have shown that {impurity
radiation 1s the dominant energy loss
mechanism in the CTX spheromaks. It
appears that radiative losses are
clamping the temperature in the iI0 to
20 eV range., Metallic impurities have
been reduced to negligible levels
compared with lower Z impurities by
appropriate cholce of source uperating
conditions, Earlier spectroscopic
line observations® indicated large
amounts of power were being radiated
by carbon and oxygen 1impurities, A
computer code developed by Barnes,9d to
calculate nonequilibrium charge state
distributions and radiated power for
different {mpurities, shows that oxy-
gen impurity levels of 5 to 15% are
sufficient to radiate the ohmic
heating power ¢nd clamp the tempers-
ture,

The carbon {mpurity has been
reduced to negligible levels, by dis-
charge cleaning and {mproved vacuum
conditions, and the duration of the
01V and OV radiations is significantly
increased Indicating that the plasma
1s sufficiently hot to {onize oxygen
inte these higher states for longer
times. These {mpurity reduction ef-
fortas increared the spheromak config-
uration Iifetime from 250 um to
550 us. Tiiere are several kilojoules
of mapgnetic fleld encerpy whose decay

could provide, through ohmic heating,
temperatures ol a few hundred eV in
the absence of loss procesges, At a
reduced oxygen impurity level of 1 to
5%, the radiated power will become
less than the available ohmic heating
power and the plasma should begin to

heat. This should vesult in a 'burn~
through” of the oxyg2n impurity and
considerably hotter spheromaks with

lifetimes in the mil)isecond rangs.

A new operating mode with a con-
stant background fill of several
millitorr of H has 1increased the
spheromak configuration 1lifetime to
0.8 ms. This background gas fill has
the following advantageous features:9d
(1) Reduces impurity generation in the
gun; (2) Allows stable, well confined
spheromaks to be generated at higher
poloidal fields and at lower main bank
energles, further reducing the
impurities; (3) Allows clean operation
at short gas puff delays, resulting in
lower {initial densities and less
vradiated power; and (4) Provides a
parvicle source to maintain the den-
sity at 1low levels throughout the
longer discharge lifetime.

E. Equilibrium and Stability

The equilibrium and the gross MHD
stability of the spheromak in an ob-
late~shaped conducting shell has been
extenstively studied theoretical-
1y 210011 ang confirmed experimental-
ly.1»12 Theory predicts that
rs/r_ > 0.7-0.8 is sufficlient to
stabllize the tilting/sliding modes,
and r /rC > 0.8-0,9 18 sufficient to
stabl?ize all other global MHD nodes,
where r, and r are the separatrix and
cunduut?ng wn&l radii measured from
the magnetic axis. The addition of
high energy {dons to small-orbit CTs
has been proposedl3 and theoretically
shown to  enhance the stablility to
tilting and other gross modes, thereby
reducing the required values of r_ /r .

These stability limits of wall wepa-
ration have not yet been systemati-
cally studied experimentally, but
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stable spheromak configurations are
routinely produced in CTX.

The theoretical ideal MHD limit
of the engineering beta is relatively
high, B. ~ 0.15.1% The Maryland PS-1
device’® Thas produced B, ~ 0.3, while
B, ~0.16 has been observed in the CTX

e

spheromak expe-iment.l® However, the
experimental value of B_ that <can be
achieved with acceptabfe transport in

the collisionless regime has not been
determined.,
The present substantial wunder-

standing of the equilibrium and gross
stability cf spheromaks indicate noth-
ing to prevent their use in reactors.
The oblate wall requirement imposes
limits on their usage in moving ring
systems, and on the reduction of r /rc
in an adiabatically heated system.
The 1injection of high energy 1ions
reduces these limits, The CT 1is a
flexible configuration that allows a
variety of applications.

F. Transport, Heating, and
Sustainment
The 1immediate need in present

spheromak experiments is to increase
the electron temperature so that
transport and heating studies can be
performed {n a relatively collision-
less regime (Te > 100 eVv). The RFP
experimental results indicate that the
impurities must be low tu allow an
operating "window" in density bhetween

radiation at high density and
drift~induced turbulence at low den-
sity. Improved {mpurity control 1s

being developed 1In the CTX spheromak
experiment so that ohmic heating cawn

increase the temperatureas above
100 eV. Higher temperatures will
allow collisionless confinement ex-

periments and a variety of heating and
sustainment experiments using rf,
beams, and adiabatic compression,

I11.
(FRC)
An FRC {8 A prolate toroldal
plasma configuration contained by
poloidal megnetic fleld, generated by

Field Reversed Configuration

plasma currents carried bv particles
with small gyroradius, and with neg-
ligible toroidal fileld. FRCs have
been produced in the laboratory since
the early 1960s using the field re-
versed theta pinch, and are repre-
sented schematically 1in Fig. 1 pro-
vided the toroidal field is deieted.
The FRC is produced by embedding an
initial bias field into a co.d
preionized plasma followed by rapidly
reversing the direction of current in
the theta-pinch coil. The resulting
oppositely directed fields tear and
reconnect at the ends, generating the
closed field 1line structure of the
FRC. Additional pnsitive flux,
generated by the rising magnetic
field, produces open field lines
separated from the reconnected field
lines ty a separatrix. A passive
crowbar clamps the externally applied
field with an e-folding decay time of
100 to 300 us.

A review of FRC experiments and
theory is given in Ref. 17. Work at
Los Alamos!® and at the Kurchatov
Institute!® during the 1970s has been
particularly significant, The
Kurtmullaev group has studied enhanced
field reversal techriques, controlled
field reconnection, and axial shock

heating. Plasma lifetimes of ~ 100 us
are limited by the decay of the
external field, and the energy con-

talnuent is projected to be
The Los Alamoa FRX experiments have
produced plasma temperutiures in the
0.1 to 1 keV range, peak densities of
~ 5x101° em™3 ) and configuration life-
times of up to 120 ps.

In the 1last few yeurs a good
theoreticsl understanding has been
achieved of the high-beta elongated
FRC equilibrium, A useiul vesult,
independent of pressure profile, knewn
as the "average beta condition" is che
following:20s21

~ 3N0 us.

B> =} - rﬁ/2r§ , (N
where <B> s the volume averape frside

the geparatrix of HﬂP/Bixl. Stab{lity
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is still an 1important issue for the
FRC. Many MHD modes of instability
originally expected for the FRC have
been found to be stabilized either by
the elongated geometry or by finite-
Larmar-radius efferts often accentu-
ated by tha internal field null. An
internal m=1 mode similar to sphe-
romak tilting has been predicted the-
oretically, 22725 byt it has not been
observed experimentally. The only
instability that occurs experimental-
ly 1s a destructive n=2 mode that
apparently results from a gradual
build up of plasma rotation,25

A, TFRC Experimental
Results

Table 1 1lists the parameters of
Los Alamos FRC experiments,

Facilities and

TABLE I
PARAMETFKRS OF FKC EXPERIMENTS
Exper- id/L  Max. Volt- 1/4 Bmax
ment Energy age
o (em) (kJ)  (kv) (us) (kG)
FRX-B 207100 106 55 2.4 11.0
FRX-C 40/200 600 110 5.6 10.0

Both the FRX-B!7 and -C26 devices have

symmetric passive magnetic mirvors
(mirror ratios of 1.05 to 1.10)
produced by decreasing the inside

diameter of the colls near the ends.
Kurtmullaev’s group at the
Kurchatov Institute produce FRCs 1in
reversed-field theta-pinches using
additional magnetic fields to control
the formation procens.19 A pulsed
octupole barrfer field 1s wused to
maximize the trapped flux and minimize
plasma losses to the wall during the
field reversal process. Both mirror
and cusp flields are used at the ends
of the main coll to conturol the field
reconnection process and to {initiate
an  axial shock compression. The

Soviets produce stable FRCs that last
the full 100~puys L/R decay time of
their magnetic fields ard do not

observe a rotational instability. The
TRA-1 experiment 2/ uses many features

of the Kurtnullaev
including pulsed barrier magnetic
fields to maximize flux trapping
efficiency, and both cusps and mirror
fields to control the veconnection
through shaping and rapidly changing
the magnetic field configuration at
the coil ends.

Experimental efforts have been
successful in clarifying mary features
of the FRC and give the following
significant results: (1) An FRC can be
created using field reversed
theta-pinch techniques. The resistive
tearing mode can be controlled by
proper vacuum procedures, prelioiza-
tion methods, and experimental design;
(2) A weakly compressed FRC inside a
conducting wall is observed to be MHD
stable; (3) The FRC displays a
quiescent phase that is terminated by
a growing n=2 mode most likely caused

experiments

by rotation resulting from non-
classical transport; (4) The
confinement of plasma and energy
during the quiescent period is much

superior to plasma confinement in open
field line configurations; and
{5) Translation of the CT from one
coil region ro another has been
successfully demonstrated.

B. Equilibrium

After the FRC formation, a
quiescent stable period of plasma
confinement 18 observed before the
onset of th» rotational instability.
During this stable period the equi-
librium profile and parameters have
becn studied 1in the FRX-B experi-
ment 1’ with a fill pressure of
17 mtorr. The FRC major radius R,
determined from end-on framing
photographs, is approximately 3.4 cm
at t = 9,5 us, which, assuming
pressure balance gives a Beparatrix
radius, r. = /2 R~ 5.0 cm. Radial
density profiles from Thomson sgcat-
tering messurements vn the axial
midplane yield a wmajor radius of
R~ 3.8 cm in reasonable agreement
with the end-on luminosity measure-
ments. Excluded flux mensurements as
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time
~ 5 cm
contribution

a function of axial position and
glve a separatrix radius r
a3suming the diamagnetic
from the plasma on the open field
lines 1s negligible, The excluded
flux radius remains approximately con-
stant {n time wuntil the rotational
instability causes plasma wall contact
and field disruption at t ~ 50 ys.

The radial electron temperature
profile, determined from Thomson scat-
tering as a function of time on the
midplare, 1s approximately flat at
~ 100 eV for radii less than the sep~
aratrix radius until the onset of tne
rotational instability at ¢ ~ 30 us.
Outside the separatrix, r ~ 6 cm, the
temperature decreases with time from
T, ~70 eV at 4.5 us to ~ 10 eV at
30 us. Doppler broadening measure~
ments of CV give ion temperatures of
200 eV at t = 10 us that approach the
electron temperacures in the classical
equilibration time of the two species
(t ~ 40 us).

Tane axial
determined
interferometer

density profile was
from a 6328A laser
that measured the
integrated-line density across a
diameter as a function of axial
position and time. The axial 1length
of the plasma 1s observed to be about
50 cm in the l-m length coll and to be
relatively constant during the plasma
stable period. Excluded flux =-adius
measurements, obtalined from a serles
of loopc and probes along the axlal
direction, 1indicate the FRC configu-
ration is relatively statlonary during
the quiescent period and wuntil the
rotational instability has grown to
cause plasma-wall contact (t £ 50 us).

In the new TFKX~C experiment?®
with a deuterium f1ll pressure of
20 mtorr, the FRC equilibrium s
characterized at 20 us by the
following parameters: separatrix
radius z ~ 12 cm, aseparatrix lengta
L ~ 115 e¢my, B (external) ~ 7.4 kG,
peak density ¢ 4x101% em”3,
To -~ 80 eV, T, ~ 200 eV, T, (atable)
~ 80 us, and R}p = 30. *t a tilling

io
pressure the equilibrium

of ) mtorr

parameters are: r, ~ 9.2 cnm,
ls ~ 100 cm, B (external) ~ 7.7 kG,
peak density ~ 2.3x1015 cn”3,
Te ~ 100 eV, T, ~ 550 eV, t_ (Sst-ble)
~ 43 us, and R}pio ~ 15. %he lower
f111 pressure results in well-
centered FRCe, but as the fi11
pressure increases the FRC length
becomes comparable t~ the coil 1length

and often one ena or the other of the
FRC appears to expand out of the coll.

Theoretical study of FRCs has
been Impeded by difficulty 1in com-
puting highly elongated or prolate
equilibria of the type observed in
field-reversed theta~-pinch experi-
ments. Single fluid, scaler pressure
models of FRC equilibrium have been
developed by a number of workers,
Recently Spencer and Hewett?® have
developed a new approach to the
computation of FRC equilibria that
avoids the previously encountered
difficulties. They have computed
highly elongated FRC equilibria in a
straight conducting cylinder for
pressure profile p“(y) = cH{y), where
H(x) 1s the Heaviside function. The
equilibria are found by inverting the
Grad-Shafranov cquaticn by means of a
Green’s function and by sclving the
resulting non-linear integral equa~
tion, Long prolate equilibiia are
obtained only for values of the con-
stant c¢ very near a8 critical-valne;
the equilibria chenge from 2:1
elongiated to infinitely long as ¢
varies by only 0.3%. This critical
value of c¢ 18 predicted by the average
beta condition, The elongation and
the shape of the separatrix near the
field nulls 1s restricted by the
requirement that the fleld 1lines
outside the separatrix satisfy
conducting wall boundary conditions,
To change the shape of the transition
reglon it 1is necessary to either
chaange the boundary conditions or the
pressure profile. The sharp
singularity in the clongation as a
function of the parameter ¢ {8 not
unique to the particular p(y) studied
and makes ‘ooking for long equilibria
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by varying parameters in the
profiles very difficult.

pressure

C. Stability

For highly elongated FRC equi-
libria having proper profiles and
boundary conditions, theory predicts
all ideal MHD modes to be stable
except for two types: (1) the m=1l, n=l
tilt mode;2% and (2) higk n-number
axial and radial kinks with poloidal
mode number m=1.45 All FRC experi-
ments with high elongation
(% /rs >> 1) have oxhitited gross sta-
bifity. No large scale MHD instabil-
ities except rotationally driven ones
are observed in the experiments even
though the FRC exists for many Alféen
transit times, The tilt mode 1is not
observed except when an FkC is highly
contracted axially (ls/r < 3.
Recent theoretical results by gpencer
et al.,3° show that making FRCs
racetrack like rather than «lliptical
stabilizes the tiit mode. The m=1 low
n-number radial kink modes are stable
provided the FRC separatrix is
sufficiently close to the wall, The
m=] high n-number kink modes are not
obrerved i{in the experiments, and are
assumed to be finite Larmor radius
(FL.R) stabilized. A question for FRCs
centers on the trade off between
confinement and FLR stabllizing
effects s8ince confinement improves as
S = R/p; increases and the FLR effects
decrease. The FRX experiments have
operated with S in the range of 6 to
30.

Most of the
unstable to an n=2
instability where n

FRCs eventually go
rotational flute
is the turoidal

mode number., The experimental
observations are in agreement with
predictions of a Vlasov fluld code

analysis of this moded! which indi-
cates instability when the plasma
rotation exceeds a critical angular
velocity., End-ghorting and diffusion
mechanisme have been proposed as
causes of rotational acceleration 1in
the FRCs.!7 End shorting of open field
lines on 1insulating walls by wall

plasma provides a path for shorting o
in the bulk of the plasma.
Steinhauer32 has studled end shorting
in FRCs, aud finds that the tocrque
applied to the open field-line plasma

by end-shorting currents 1s trans-
mitted across the separatrix to the
closed field-1line plasma through
viscosity.

The diffusion mechanism involves
the transfer of net angular momentunm
through particle loss across the sep-

aratrix ard then out of the system.
Barnes and Seyler20 have developed a
kinematic theory that indicates ovar-
ticles with orbits near the separa-
trix have a preferred angular
momentum, Loss of these particles
leaves the closed field-line plasma
with a net angular momentum of the
appropriate sign. The instability

threshold is predicted to occur in the
FRX-B plasma when the fraction of per-
ticles lost F = 0.57 compared with the
experimental observation
F=0.55% 16.18 If the diffusion
mechanism is correct, i.e., the radial

flow velocity driven by particle
transport gives rise to a finite
pressure anisotropy in the azimuthal

direction resulting in a net torque on
the confined plasma, the n=2
rotational mode would not be a
limitation for a reactor. Rather,
loss of plasma would limit the fusion
outpuit before the mode went unstable.

D. Confinement

In the present FRX experiments
the onset of the n=2 rotational insta-
bility appears to occur on the same
timescale as particle diffusion across
the separatrix., In the FRX-B experi-
ment the energy confinement time {4
found to be comparable to the parti-
cle confinement time.36 Therefor.,
particle 1loss 1s thought to be a
crucial issue for FRCs. Particle loss
has been investigated by Tuezewski and
Linford33 using a steady-state, one-
dimensional model for radial particle
transport which approximates the ex-
perimental obser ation of elongated
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FRC equilibrium with
constant separatrix radius, It 1is
found that anomalous transport from
the 1lower-hybrid-drift (LHD) insta-
bility3“ with the wi/ive energy bound on
the saturation 1level dominates the
particle confinement over classical
effects, particularly for larger de-
vices. This analytical result 1is 1in
qualitative agreement with a one-
dimensional anomalous transport code
developed by Hamasaki.3®> The code
incorporates in its trausport
coefficients, contributions from
classical processes as well as from
the LHD instability, the latter
contribution being dominant.

approximately

E. Scaling
Scaling studies of plasma behav-
ior and parameters have been performed

in the FRX-A and -B experi-
ments, 36237917 gand are underway in the
larger FRX-C26 device. The variation

of the FRC stable configuration time,
L with plasma parameters is of
particular 1{interest. Data from the
FRX experiments show that 1_ scales as

~ 6.,0x1077 Rz/pi The experiments
afso indicate that T is 1insensitive
to the 1on temperature when Rz/p1 is
held approximately constant, The one-
dimensional, Lagrangian, transport
model of Hamasaki,35 with the quasi-
linear dilfusion coefficient for the
LHD instability, has 1indicated that
the time for half the particle
inventory to be lost across the sepa-
ratrix scales as R /p but 1is
independent of the 1lon temperacure.
The particle ard energy confinement
times determined from the FRX~-B ex-
perimentel’ are in approximate agree-

ment with the Hamasaki code results.
The 1linear scaling of = with the
plasma density scale ,arameter Rz/p1

indicated by the code and the experi-
mental correlation of 1, with thege
parameters muggest that Tg ® Ty his
agrecment Bsupports the hypothesi. of
the rotational acceleration being
driven by diffusion.
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Fig. 1. Plot of the ratio of the

measured (solid line) toroidal field

to poloidal field as a function of
time in the CTX spheromak.
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The tri-
angular points are computed using a



